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1  | INTRODUC TION




2011;	 Clemens,	 1970,	 1971;	 Hillson,	 2005;	 Kermack	 &	 Kermack,	
1984;	 Lucas,	 2004;	 Lucas	 &	 Peters,	 2000;	 Luo,	 Cifelli,	 &	 Kielan‐
Jaworowska,	 2001;	McCollum	&	 Sharpe,	 2001;	Muller	 &	Wagner,	
1991;	Ungar,	2010;	Zhao,	Weiss,	&	Stock,	2000).	The	plesiomorphic	
mammalian	 dentition	 is	 characterized	 by	 four	 classes	 of	 teeth:	 in‐
cisors,	canines,	premolars,	and	molars,	all	of	which	can	still	be	ob‐
served	 in	 most	 living	 mammals	 (Hillson,	 2005).	 There	 is	 variation	
in	the	number,	size,	and	shape	of	teeth	across	modern	clades,	with	
some	mammals	lacking	entire	tooth	classes	in	both	the	maxilla	and	




Since	 the	 very	 start	 of	 comparative	 anatomy,	 observed	 dental	
variation	 has	 provided	 insight	 into	 the	 broad	 range	 of	 foods	 that	
mammals	 consume	 (Cuvier,	1835).	The	number,	 size,	 and	 shape	of	
teeth	 are	 strongly	 correlated	 with	 dietary	 specializations	 such	 as	
grazing,	 carnivory,	 insectivory,	 and	 gouging,	 among	 many	 others	
(Boyer,	 2008;	 Boyer	 et	 al.,	 2010;	 Butler,	 2000;	 Caumul	 &	 Polly,	





changes	 in	 tooth	 proportions,	 for	 example,	 through	 carnassializa‐
tion	or	reduction	of	the	third	molars,	have	also	been	linked	to	diet	
in	 some	 taxa	 (Carter	&	Worthington,	 2016;	Christiansen	&	Wroe,	





However,	 over	 the	 last	 20	 years,	 biologists	 have	 increasingly	














at	weaning,	 prenatal	 growth	 rates,	 and	 gestation	 length	 (Monson,	
Coleman,	&	Hlusko,	2019;	Smith,	1989,	2018;	Smith,	Crummett,	&	





results	 from	 comparisons	 between	 molecular	 and	 morphological	
data	 demonstrating	 that	 certain	 dental	 traits	 can	 reliably	 predict	
















tion	 (Bei,	 2009;	Hlusko,	 Sage,	&	Mahaney,	 2011;	Hlusko,	 Schmitt,	






postcanine	 module,	 premolars	 and	 molars	 represent	 two	 genetic	
modules	 that	 are	 influenced	 by	 different	 degrees	 of	 pleiotropy	
(Grieco	et	al.,	2013;	Hlusko	et	al.,	2011).	Within	the	molar	module	
specifically,	mouse	development	research	has	revealed	that	activat‐
ing	 and	 inhibiting	 signals	 during	development	 lead	 to	 the	 sequen‐
tial	and	integrated	development	of	the	first	through	third	molars,	a	
process	 referred	 to	 as	 the	 inhibitory	 cascade	 (Kavanagh,	Evans,	&	
Jernvall,	2007).	The	inhibitory	cascade	model	of	molar	size	variation	
describes	some	mammalian	clades	better	than	others	with	support	
for	 this	model	published	 for	 some	carnivorans	and	 rodents	 (Evans	
&	Jernvall,	2009),	catarrhine	primates	(Schroer	&	Wood,	2015),	and	
K E Y W O R D S
Boreoeutheria,	dentition,	diet,	life	history,	phylogenetic	signal
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fossil	mammals	(Halliday	&	Goswami,	2013),	whereas	several	other	
taxa	 are	 reported	 to	 deviate	 significantly	 from	 the	 predictions	 of	
the	inhibitory	cascade	including	South	American	ungulates	(Wilson,	
Sánchez‐Villagra,	 Madden,	 &	 Kay,	 2012),	 canids	 (Asahara,	 2013),	
platyrrhine	 primates	 (Bernal,	 Gonzalez,	 &	 Perez,	 2013),	 and	 voles	
(Renvoisé	et	al.,	2009).
The	vast	majority	of	experimental	developmental	 studies	have	
occurred	 in	 the	 highly	 derived	 dentitions	 of	mice	 (Thesleff,	 2015,	
2018).	 While	 this	 approach	 offers	 valuable	 insight	 into	 genetic	
mechanisms,	 it	 is	 important	 to	 keep	 in	mind	 that	 this	 is	 evidence	
of	 the	mechanisms	 that	pattern	 the	murine	dentition.	The	distinct	
evolutionary	 history	 of	 rodents	 resulted	 in	 highly	 derived	 and	 re‐
duced	dentitions,	a	potentially	significant	caveat	to	the	developmen‐
tal	 genetics	 of	 this	model	 system.	Research	 that	 focuses	on	more	









titative	 genetic	 analysis	 of	 primates	 (Hlusko,	 2004;	Hlusko,	 Lease,	
&	 Mahaney,	 2006;	 Hlusko	 &	 Mahaney,	 2009;	 Rizk,	 Amugongo,	
Mahaney,	&	Hlusko,	2008).
The	quantitative	genetic	approach	to	G:P	mapping	has	revealed	
evidence	of	 two	 independent	 genetic	 patterning	mechanisms	 that	
influence	 dental	 proportions,	 or	 the	 relative	 sizes	 of	 teeth,	 in	 the	
postcanine	dentition	(Hlusko	et	al.,	2016).	Ratios	of	the	mesiodistal	
dimensions	 of	 the	 fourth	mandibular	 premolar:second	mandibular	




















The	 permanent	 postcanine	 dentition	 (premolars	 and	 molars)	
develops	and	erupts	throughout	ontogeny	 in	most	boreoeutherian	
mammals	 with	 some	 species	 erupting	 their	 molars	 well	 after	 re‐
productive	maturity	 (e.g.,	 humans	 and	 suids;	Hillson,	 2005).	Many	




slow	 development	 of	 the	 permanent	 dentition.	 However,	 recent	
work	 continues	 to	 emphasize	 the	 importance	 of	 considering	 phy‐
logenetic	 relatedness	when	 interpreting	dental	variation,	as	dental	






Here,	 we	 utilized	 a	 large	 morphological	 dataset	 spanning	
Boreoeutheria	 to	 assess	 how	 conserved	 or	 labile	 these	 two	 ge‐
netic	patterning	mechanisms	(PMM	and	MMC)	are	in	the	evolution	
of	mammalian	dental	variation.	Boreoeutheria	 is	comprised	of	two	
of	 the	major	extant	eutherian	mammalian	clades	 that	 span	a	wide	
range	 of	 dietary,	 behavioral,	 and	 ecological	 adaptations	 and	 can	
be	 found	on	every	major	 continent	 as	well	 as	 in	 all	major	 oceans:	
Euarchontoglires	(primates	and	colugos,	treeshrews,	and	rodents	and	
lagomorphs)	 and	 Laurasiatheria	 (cetartiodactyl	 and	 perissodactyl	
ungulates	 [the	former	 including	cetaceans],	carnivorans,	pangolins,	
bats	 and	 flying	 foxes,	 and	 hedgehogs,	 shrews,	moles,	 and	 soleno‐
dons;	Nowak,	1999).	Many	species	of	nonboreoeutherian	placental	
mammals,	 afrotherians	 and	 xenarthrans	 (e.g.,	 sloths,	 anteaters,	 el‐










rian	mammals	 and	 a	 diverse	 array	 of	 dental	 variation	 and	 dietary	
niches.	Additionally,	as	much	of	 the	work	on	mammalian	dentition	
has	 focused	 on	 humans	 and	 other	 primates	 (Butler,	 1963;	 Hlusko	











mammals;	 (H2)	 there	 is	 strong	 phylogenetic	 signal	 in	 postcanine	
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dental	proportions	(MMC	and	PMM)	across	mammals;	and	(H3)	vari‐















al.,	 2016),	 and	 because	 many	 laurasiatherian	 mammals	 have	 third	
molars	in	the	mandible	and	not	the	maxilla,	we	focused	on	mandibu‐
lar	dentitions	for	this	study.
TA B L E  1  Boreoeutherian	species	sampled	in	this	study
Superorder Order Family Species Sample size (n)




Ursidae Ursus americanus 58
Ursus maritimus 9










Hippopotamidae Choeropsis liberiensis 22
Hippopotamus amphibius 114




























to	 calculate	 measurement	 error	 as	 a	 percentage	 of	 the	 mean	 for	




Taxa	 included	 in	 this	 study	 are	 held	 at	 the	 following	 muse‐
ums:	American	Museum	of	Natural	History,	New	York,	New	York,	
USA;	Cleveland	Museum	of	Natural	History,	Cleveland,	Ohio,	USA;	
Forschungsinstitut	 und	 Naturmuseum	 Senkenberg,	 Frankfurt,	
Germany;	Musée	 des	Confluences,	 Lyon,	 France;	Musée	Royal	 de	
l'Afrique	Centrale,	Tervuren,	Belgium;	Muséum	d'Histoire	Naturelle,	
Berne,	 Switzerland;	 Muséum	 d'Histoire	 Naturelle	 de	 la	 Ville	 de	
Genève,	Switzerland;	Muséum	National	d'Histoire	Naturelle,	Paris,	
France;	 Museum	 für	 Naturkunde,	 Berlin,	 Germany;	 Museum	 of	
Vertebrate	 Zoology,	 Berkeley,	 California,	 USA;	 Natural	 History	
Museum,	 London,	 UK;	 Phoebe	 A.	 Hearst	 Museum,	 Berkeley,	





















Superorder Order Family Species Sample size (n)
Euarchontoglires Primates Atelidae Alouatta palliata 28













Gorillidae Gorilla gorilla 41
Hominidae Homo sapiens 25
Panidae Pan paniscus 30
Pan troglodytes 54
Pongidae Pongo pygmaeus 8
Rodentia Chinchillidae Lagostomus maximus 12
Total 793
TOTAL 1,523
TA B L E  1   (Continued)












(Faurby	&	Svenning,	 2015;	Harmon	et	 al.,	 2016).	We	 trimmed	 the	
phylogeny	according	to	the	species	included	in	our	sample.	All	spe‐
cies	 in	 our	 sample	were	 represented	 in	 the	 phylogeny	 except	 for	




all	 life	history	variables	 (H2),	we	conducted	tests	 for	Blomberg's	
K	and	Pagel's	lambda	(Kamilar	&	Cooper,	2013).	For	Blomberg's	K,	
a	value	>1	suggests	a	stronger	phylogenetic	signal	than	expected	
under	Brownian	motion	 (BM),	while	 a	 value	 equal	 to	 1	 suggests	
that	 the	 traits	 vary	 along	 the	 phylogeny	 in	 a	manner	 consistent	
with	BM,	 and	 a	 value	<1	 suggests	 that	 the	 traits	 vary	 along	 the	
phylogeny	in	a	manner	that	is	more	random	than	expected	under	
BM	 and	 may	 be	 the	 result	 of	 selection	 on	 those	 phenotypes	
(Blomberg,	 Garland,	 &	 Ives,	 2003).	 For	 Pagel's	 lambda,	 a	 value	
closer	 to	 1	 indicates	 higher	 phylogenetic	 signal,	 while	 a	 value	
closer	to	0	indicates	lower	phylogenetic	signal.	Both	analyses	test	
for	phylogenetic	signal	but	under	different	frameworks	(Blomberg	
et	 al.,	 2003;	Pagel,	1999).	For	Blomberg's	K,	 the	variance	 is	par‐
titioned	 according	 to	 clades,	where	 a	K	 >	 1	 indicates	 significant	





















reconstruction	 using	 dental	 lengths	 and	 calculated	 the	 ancestral	
MMC	and	PMM	using	reconstructed	ancestral	dental	lengths.
To	 investigate	 potential	 correlates	 with	 MMC	 and	 PMM	 vari‐






hypothesized	 that	 variation	 in	 prenatal	 growth	 rates	 is	 associated	
with	 tooth	 number	 and	 development	 of	 the	 postcanine	 dentition	
(Monson	 et	 al.,	 2019).	 Building	 from	 this	 literature,	 we	 compared	
dental	metrics	and	proportions	with	a	series	of	life	history	variables	
in	this	study	including	gestation	length	(days),	birth	weight	(grams),	


















In	 order	 to	 assess	 any	 correlations	 between	 MMC	 and	 PMM	
and	diet	 in	 our	 sample,	we	 collected	data	 on	diet	 from	 the	 litera‐
ture	(Nowak,	1999).	Animals	were	classified	into	one	of	six	dietary	
categories	 based	on	 their	 dominant	 food	 sources	 as	 detailed	by	 a	
compilation	of	observational,	fecal,	and	stomach	content	studies	in	
Nowak	 (1999):	carnivore,	 folivore,	 frugivore,	granivore,	grazer,	and	






and	PMM	 (H3),	we	 ran	a	 series	of	phylogenetic	 independent	 con‐
trasts	 using	 the	 crunch	 function	 in	 caper	 (Orme	 et	 al.,	 2013).	 The	
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2013).	Phylogenetic	generalized	linear	analyses	fit	models	between	
the	 traits	of	 interest	 (here	 the	MMC	and	PMM	ratios,	and	dietary	
category)	 taking	 into	 account	 phylogenetic	 nonindependence	 and	
outputting	 a	 coefficient	 of	 determination	 and	 significance	 for	 the	












As	 tooth	 length	 is	a	 long‐standing	metric	 for	 investigating	diet	
and	 body	 size,	 and	 dental	 proportions	 are	 calculated	 from	 tooth	












lowest	MMC	and	PMM	values	 of	 all	 sampled	 taxa	 (Table	 2,	 Table	





(p	=	0.036),	Pteropodidae	 (p	=	0.001),	and	Suidae	 (p	<	0.0001)	 for	

















significant	 phylogenetic	 signal	 (p	 =	 0.001).	 Postnatal	 and	 prenatal	
growth	rates,	and	age	at	sexual	maturity,	also	have	K‐values	≥1	and	
significant	phylogenetic	signals.	All	other	life	history	traits	and	PMM	
have K‐values	 <1	 indicating	 a	 significant	 deviation	 from	Brownian	
motion	 and	 suggesting	 that	 selective	 pressures	may	 be	 impacting	
the	distribution	of	these	phenotypes	across	the	phylogeny	(Table	3).
Ancestral	 state	 reconstruction	 tracks	 changes	 in	 MMC	 and	
PMM	 across	 the	 boreoeutherian	 phylogeny	 and	 provides	 support	
for	 derived	 MMC	 values	 in	 Pteropodidae,	 Canidae,	 and	 Suidae,	
with	notable	 although	 lesser	 changes	 in	Ursidae	 and	Chinchillidae	



















gence	 in	 PMM	 values	 between	 Ursidae	 and	 Canidae,	 the	 ances‐
tor	of	Carnivora	 is	also	supported	 to	have	a	PMM	value	similar	 to	
the	 ancestor	 of	 Laurasiatheria	 and	Boreoeutheria	 (1.25,	 1.20,	 and	









The	 coefficients	 of	 determination	 comparing	 life	 history	 traits	
with	MMC	and	PMM	are	not	significant,	 indicating	that	 there	 is	no	
consistent	 relationship	 between	 these	 variables	 in	 a	 phylogenetic	
context.	Variation	in	life	history	traits	is	not	associated	with	variation	
in	MMC	and	PMM	values	 (Table	4).	There	 is	 also	no	 significant	 re‐
lationship	between	dietary	category	and	MMC	or	PMM	in	a	phylo‐
genetic	context	(MMC:	p	=	0.1381,	R2 = 0.0795; PMM: p	=	0.07569,	
R2	 =	 0.1165).	 While	 grazers	 and	 carnivores	 have	 MMC	 and	 PMM	
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values	that	are	significantly	different	from	each	other,	PGLS	analyses	
find	no	 significant	 association	between	dietary	 category	and	MMC	
and	PMM	variation	when	phylogeny	is	taken	into	account.	However,	
when	regressing	individual	tooth	lengths	against	cube	root	body	mass	

































independent	 of	 changes	 in	 relative	 postcanine	 dental	 proportions	
(suggesting	 that	 dental	 proportions	 contribute	 less	 to	 dietary	 ad‐




and	 body	mass,	 and	 significant	 associations	 between	 diet	 and	 in‐
dividual	 tooth	 lengths	 (Asahara	&	Takai,	2017;	Copes	&	Schwartz,	
2010;	 Scott,	 2011;	 Scott	 et	 al.,	 2018).	 This	 significant	 relationship	
is	also	likely	influenced	by	ancestral	dietary	“bauplans”	of	different	
clades,	 where	 individual	 teeth	 have	 evolved	 unique	morphologies	
as	functional	adaptations	to	processing	particular	 foods	 (Hunter	&	











their	ancestral	dental	 “bauplan”	which	 included	carnassials	 (Butler,	
1946).	 Less	 is	 known	about	 the	dental	 proportions	of	 carnivorous	
mammals	 in	other	orders	 such	 as	 the	Tasmanian	devil	 (Sarcophilus 




TA B L E  2  Summary	statistics	for	MMC	and	PMM	by	order
Order Trait Sample size (n) Mean SD Range Skew Kurtosis SE
Carnivora MMC 200 0.43 0.27 0.91 0.74 −1.30 0.02
PMM 200 1.21 0.54 1.64 0.72 −1.29 0.04
Cetartiodactyla MMC 416 1.88 0.56 2.90 0.98 0.11 0.03
PMM 416 1.46 0.25 1.70 1.54 3.42 0.01
Chiroptera MMC 102 0.46 0.11 0.40 0.43 −1.04 0.01
PMM 102 0.81 0.05 0.24 −0.57 0.18 0.00
Perissodactyla MMC 12 1.27 0.21 0.72 −0.80 −0.20 0.06
PMM 12 0.96 0.05 0.17 0.85 −0.07 0.01
Primates MMC 781 1.23 0.20 1.10 0.37 −0.71 0.01
PMM 781 1.29 0.20 0.93 −0.01 −1.23 0.01
Rodentia MMC 12 0.87 0.05 0.17 −0.34 −0.97 0.01
PMM 12 0.96 0.09 0.35 0.48 −0.24 0.03
Abbreviations:	MMC:	molar	module	component;	n:	sample	size;	PMM:	premolar–molar	module;	SD:	standard	deviation;	SE:	standard	error.
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F I G U R E  1  Variation	in	MMC	and	PMM.	See	figure	for	legends.	(a)	Genus‐level	variation,	(b)	family‐level	variation,	(c)	order‐level	variation,	
and	(d)	variation	coded	by	diet







of	 the	postcanine	dentition,	 a	 feature	 associated	with	 increased	
carnivory	 (Slater	 et	 al.,	 2010),	 the	 relative	 proportions	 of	 their	
postcanine	teeth	are	much	more	similar	to	those	of	their	omnivo‐
rous	relatives	and	distinct	from	other	carnivorous	mammals	(e.g.,	
Trait Sample size (n) Blomberg's K K (p) Lambda
MMC 46 1.355 0.001 0.999
Postnatal	growth	rate 31 1.068 0.037 1.000
Sexual	maturity	(F,	
days)
31 1.004 0.002 0.971
Prenatal	growth	rate 32 1.000 0.017 1.000
Gestation	(days) 37 0.898 0.001 0.962
Litter	size 38 0.871 0.001 1.000
Longevity	(yrs) 30 0.776 0.001 0.985
Weaning	(days) 31 0.771 0.001 0.928
Birth	weight	(g) 32 0.571 0.001 0.970
Adult	weight	(g) 38 0.485 0.001 0.965





TA B L E  3  Results	of	the	tests	for	
phylogenetic	signal
F I G U R E  2  Ancestral	state	reconstruction	of	MMC	values	in	
Boreoeutheria.	See	Table	S5	and	Figure	S1	for	supported	MMC	
values	at	each	ancestral	node
F I G U R E  3  Ancestral	state	reconstruction	of	PMM	values	in	
Boreoeutheria.	See	Table	S5	and	Figure	S2	for	supported	PMM	
values	at	each	ancestral	node
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Canidae).	t	Tests	conducted	 in	R	 (R	Core	Team,	2016)	comparing	
MMC	and	PMM	indicate	significant	differences	between	Ursidae	
and	Canidae	 (p	 <	0.0001),	while	 the	MMC	ratios	of	Ursidae	and	
Chinchillidae	 (Tukey's	 HSD,	 p	 =	 0.9997),	 Ursidae	 and	 Pongidae	




these	 taxa	 (MMC:	p	 <	0.0001;	PMM:	p	 <	0.0001).	 This	 example	
provides	some	insight	into	the	pace	of	evolution	of	dental	propor‐
tions.	Despite	 the	 intense	 carnivory	of	 polar	 bears	over	 the	 last	
700,000	 years,	 their	 MMC	 and	 PMM	 values	 have	 not	 deviated	
significantly	from	their	omnivorous	phylogenetic	roots.	A	deeper	
investigation	of	the	evolution	of	PMM	and	MMC	in	Ursidae,	and	
especially	 the	 folivorous	 giant	 panda	 (Ailuropoda melanoleuca),	
would	 offer	 further	 insight	 into	 dental	 evolution	 in	 this	 family.	
Additionally,	assessing	MMC	and	PMM	in	a	clade	with	several	taxa	
with	highly	divergent/specialized	diets	could	give	us	a	better	idea	
of	 the	 extent	 of	 phylogenetic	 inertia	 in	 these	 traits	 and	 further	
refine	 the	 timeline	 for	 significant	 morphological	 divergence	 in	
dental	proportions.
We	also	found	a	lack	of	correlation	between	postcanine	dental	
proportions	 and	 life	 history	 characteristics.	 Some	 aspects	 of	 the	
dentition,	 such	 as	 rates	 and	 timing	 of	 enamel	 deposition,	 provide	









early	 mammals	 suggesting	 that	 they	 experienced	 bouts	 of	 strong	
evolutionary	pressure	(e.g.,	murines).
To	better	understand	the	evolution	of	postcanine	dental	propor‐
tions	 in	mammals,	we	 performed	 a	 subsample	 analysis	 comparing	
our	ancestral	state	reconstructions	with	data	from	the	fossil	record,	
Trait Sample size (n) MMC (R2) MMC (p) PMM (R2) PMM (p)
Sexual	maturity	
(F,	days)
31 0.087 0.059 −0.013 0.436
Litter	size 38 0.046 0.104 0.027 0.162
Gestation	(days) 37 0.014 0.228 −0.024 0.686
Postnatal	growth	
rate
31 0.013 0.246 0.026 0.190
Adult	weight	(g) 38 −0.012 0.463 0.002 0.307
Prenatal	growth	
rate
32 −0.025 0.615 −0.017 0.499
Birth	weight	(g) 32 −0.026 0.638 0.030 0.173
Weaning	(days) 31 −0.033 0.818 −0.031 0.748









Cube root body 
mass (R2)
Cube root body 
mass (p) Diet (R2) Diet (p)
DP4L Raw 0.7636 0.0000 – –
PGLS	residual – – 0.4853 0.0001
DM1L Raw 0.8265 0.0000 – –
PGLS	residual – – 0.7271 0.0000
DM2L Raw 0.9326 0.0000 – –
PGLS	residual – – 0.3964 0.0006
DM3L Raw 0.7887 0.0000 – –




TA B L E  5  Results	of	the	PGLS	analysis	
comparing	tooth	length,	body	size,	and	
diet
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collecting	data	on	seven	fossil	species	from	six	genera	representing	
three	fossil	groups	spanning	Oligocene	to	Pleistocene:	fossil	Ursidae	
(Arctotherium brasiliense,	 Trajano	 &	 Ferrarezzi,	 1994;	 Cyonarctos 
dessei,	de	Bonis,	2013;	Ursavus tedfordi,	Qiu,	Deng,	&	Wang,	2014),	
Amphicynodontinae	 (Campylocynodon personi,	 Chaffee,	 1954),	
and	 archaic	 ungulates	 (Oxyacodon agapetillus	 and	 O. priscilla,	 and	
Protungulatum mckeeveri,	 Archibald,	 1982).	Of	 the	 fossils	 sampled,	
the	 archaic	 ungulates	 are	 the	 most	 ancient,	 dated	 to	 the	 early	
Paleocene	of	North	America	(Archibald,	1982;	Archibald,	Schoch,	&	
Rigby,	 1983).	Of	 the	 carnivorans,	Arctotherium	 is	 the	most	 recent,	
dated	to	the	Pleistocene	(Trajano	&	Ferrarezzi,	1994).	Cyonarctos	and	















and	 fossil	 ursid	Cyonarctos	 are	early	 carnivorans	 (Tomiya	&	Tseng,	
2016)	that	fall	directly	within	the	MMC	and	PMM	space	of	extant	





Morales,	1998).	Based	on	 the	 strong	phylogenetic	 signal	 in	dental	
proportions	 observed	 in	 the	 current	 study,	 and	 the	 clear	 distinc‐






(as	 captured	by	MMC	and	PMM),	 suggesting	 that	 other	 features	
of	 the	 dentition	 and	 skull,	 including	 individual	 tooth	 lengths	 rel‐











similar	 to	 their	 extant	 counterparts.	 A	 larger	 assessment	 of	 the	




In	 summary,	 we	 find	 that	 variation	 in	 postcanine	 dental	 pro‐
portions	 (as	captured	by	MMC	and	PMM)	accumulates	slowly	and	
characterizes	 mammalian	 lineages	 as	 they	 diversified	 from	 the	




2010).	 From	 that	 homogeneous	 condition,	 several	mammalian	 lin‐
eages	diversified	into	distinct	extant	morphospaces	that	characterize	
F I G U R E  4  Variation	in	MMC	and	PMM	visualized	at	family‐level	with	fossil	species	marked	with	a	star	and	indicated	by	an	uppercase	
letter.	Broader	taxonomic	affiliation	and	geological	ages	of	fossils	are	in	parentheses	following	the	species	name.	See	figure	for	legend
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the	evolution	of	those	groups	(see	Chiroptera,	Canidae,	Ursidae,	and	
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